Abstract-We present the results of single event effects (SEE) testing and analysis investigating the effects of radiation on electronics. This paper is a summary of test results.
Displacement Damage Compendium of Candidate Electronics for NASA Space Systems" by D. Cochran, et al. [2] .
II. TEST TECHNIQUES AND SETUP

A. Test Facilities
All SEE tests were performed between February 2010 and February 2011. Heavy ion experiments were conducted at Lawrence Berkeley National Laboratory (LBNL) [3] , and at Texas A&M University Cyclotron (TAMU) [4] . Both of these facilities are suitable for providing a variety of ions over a range of energies for testing. The devices under test (DUTs) were irradiated with heavy ions having linear energy transfers (LETs) ranging from 0.59 to 120 MeV•cm 2 /mg. Fluxes ranged from 1x10 2 to 1x10 7 particles/cm 2 /s, depending on device sensitivity. Representative ions used are listed in Table I . LETs between the values listed were obtained by changing the angle of incidence of the ion beam with respect to the DUT, thus changing the path length of the ion through the DUT and the "effective LET" of the ion [5] . Energies and LETs available varied slightly from one test date to another.
Proton SEE tests were performed at three facilities: the University of California at Davis (UCD) Crocker Nuclear Laboratory (CNL) [6] , the Indiana University Cyclotron Facility (IUCF) [7] , and at a 2 MeV Van de Graaff (VdG) particle accelerator. Proton test energies incident on the DUT are listed in Table II. Laser SEE tests were performed at the pulsed laser facility at the Naval Research Laboratory (NRL) [8] [9] . The laser light had a wavelength of 590 nm resulting in a skin depth (depth at which the light intensity decreased to 1/e -or about 37% -of its intensity at the surface) of 2 µm. A nominal pulse rate of 1 kHz was utilized. 
B. Test Method
Unless otherwise noted, all tests were performed at room temperature and with nominal power supply voltages. We recognize that high-temperature and worst-case power supply conditions are recommended for single event latchup (SEL) device qualification.
1) SEE Testing -Heavy Ion:
Depending on the DUT and the test objectives, one or more of three SEE test methods were typically used:
Dynamic -the DUT was exercised continually while being exposed to the beam. The events and/or bit errors were counted, generally by comparing the DUT output to an unirradiated reference device or other expected output (Golden chip or virtual Golden chip methods) [10] . In some cases, the effects of clock speed or device operating modes were investigated. Results of such tests should be applied with caution due to the application-specific nature of the results.
Static -the DUT was loaded prior to irradiation; data were retrieved and errors were counted after irradiation.
Biased -the DUT was biased and clocked while power consumption was monitored for SEL or other destructive effects. In most SEL tests, functionality was also monitored.
In SEE experiments, DUTs were monitored for soft errors, such as SEUs and for hard errors, such as single event gate rupture (SEGR). Detailed descriptions of the types of errors observed are noted in the individual test reports [11] , [12] .
SET testing was performed using a high-speed oscilloscope controlled via Labview® Individual criteria for SETs are specific to the device being tested and application. Please see the individual test reports for details [11] .
Heavy ion SEE sensitivity experiments include measurement of the Linear Energy Transfer threshold (LET th ) and cross section at the maximum measured LET. The LET th is defined as the maximum LET value at which no effect was observed at an effective fluence of 1×10 7 particles/cm 2 . In the case where events are observed at the smallest LET tested, LET th will either be reported as less than the lowest measured LET or determined approximately as the LET th parameter from a Weibull fit. In the case of SEGR experiments, measurements are made of the SEGR threshold V ds as a function of LET at a fixed V gs .
2) SEE Testing -Proton
Proton SEE tests were performed in a manner similar to heavy ion exposures. However, because protons cause SEE via indirect ionization of recoil particles, results are parameterized in terms of proton energy rather than LET. Because such proton-induced nuclear interactions are rare, proton tests also feature higher cumulative fluences and particle flux rates than heavy ion experiments.
3) Pulsed Laser Facility Testing
The DUT was mounted on an X-Y-Z stage in front of a 100x lens that produced a spot diameter of about 1.2 μm at full-width half-maximum (FWHM). The X-Y-Z stage can be moved in steps of 0.1 μm for accurate positioning of SEU sensitive regions in front of the focused beam. An illuminator together with a charge coupled device camera and monitor were used to image the area of interest, thereby facilitating accurate positioning of the device in the beam. The pulse energy was varied in a continuous manner using a polarizer/half-waveplate combination and the energy was monitored by splitting off a portion of the beam and directing it at a calibrated energy meter.
III. TEST RESULTS OVERVIEW
Abbreviations and conventions are listed in Table IV This section contains summaries of testing performed on a selection of featured parts.
A. Vishay SiB455EDK and Si7431DP Commercial Power MOSFETs
This study was undertaken to determine the SEGR and SEB susceptibility of Vishay's commercial p-type trenchFET® power MOSFETs under heavy-ion irradiation. The SiB455EDK is a 12 V, 9 A p-channel trench MOSFET from Vishay's Gen III line. The Si7431DP is a 200 V, 2.2 A pchannel trench MOSFET introduced in 2005. Past reports of trench power MOSFETs have focused on n-channel devices and the substantial degradation from localized dose deposited by heavy ions [65] [66] . We believe the test reported here is the first to evaluate the suitability of p-channel trench MOSFETs for space applications.
The SiB455EDK tests were conducted in air at three different angles (2°, 45°, and 60°); the Si7431DP tests were conducted in vacuum at normal beam incidence, with additional tests at 45° and 60° under 1230 MeV Kr only. Each sample was biased at one of three gate-source voltage biases, and the drain-source voltage was incremented between beam runs until device failure was observed. Currents were monitored at the gate and drain nodes during testing, and a post-irradiation gate stress test was performed following each beam run. Failure was defined as the gate current exceeding the vendor specified maximum leakage current, and/or a sudden, sustained increase in drain current. In addition, the gate threshold voltage was measured following each beam run to monitor for dose effects. No dosing effects were seen during heavy-ion testing, and as reported in [2] , the SiB455EDK showed a TID tolerance to more than 100 krad(Si) with Co60 irradiation.
The primary failure mode of the SiB455EDK was SEGR, although in some samples irradiated at 2° a SEB signature was detected that also resulted in gate damage. The SEE response curve for the 2° angle of incidence is shown in Fig. 1 ; the data obtained at higher angles are plotted in Fig. 2 .
The primary failure mode of the Si7431DP was SEGR. The SEE response curve for data taken at normal incidence is shown in Fig. 3 . In this figure, the krypton data point at 10 V gs reflects the lowest failure V ds : two samples passed at -120 V ds , failing at the next bias step, but the third sample failed during the first beam run at -110 V ds . At all three V gs biases, no failures were detected at 45° and 60° angles of 1230 MeV krypton beam incidence.
The results suggest that these Vishay commercial p-type trench power MOSFETs are a consideration for space applications. [45] [46] 
B. PE9915X Monolithic Point-of-Load Switching Regulator
The PE9915X is a series of monolithic point-of-load (POL) switching regulators fabricated in Peregrine's UltraCMOS ® technology, which utilizes a Silicon-On-Sapphire (SOS) process. We examined the PE99151 (2 A) and the PE99155 (10 A) versions. The output voltage is adjustable down to 1 V. The manufacturer supplied customized evaluation boards for the test, which consists of external resistors, capacitors, and an inductor. We note that the device has a 1000 µF capacitor at the output.
Three parts were tested at the LBNL facility. The test was performed in a vacuum environment. The application boards were attached to metal plates to facilitate conductive heat sinking. Fig. 4 shows a block diagram of the test setup and Fig. 5 shows the photograph of the device inside the test chamber.
We irradiated the parts with 10 MeV/amu Xe at 0° and 60° for different output load conditions. We observed a few incidences of sharp voltage spikes, with magnitudes of 0.4 to 0.6 V and durations on the order of tens of nanoseconds. However we believe that these signatures originated from sources external to the device and test board. The resonating frequency of the pulse, the short duration and pre-irradiation readings suggest that the voltage spikes were likely caused by noise associated with the vacuum chamber and/or equipment in the irradiation room. Peregrine's recent test at the TAMU Cyclotron Facility provided a more comprehensive SET characterization. The majority of the SETs had amplitudes < 50 mV with Vout = 2.5 V. The worst case transients were approximately 100 mV in amplitude.
We also observed an incidence where the input supply current fell rapidly, which caused an output regulation failure, as shown in Fig. 6 . However we believe that the event was not caused by a single particle strike. It may have been caused in part by device overheating, as conductive heat-sinking becomes inefficient in a vacuum environment. The parametric degradations from accumulated dose may have also contributed to the current drop. We observed parametric shifts during electrical characterization approximately 48 hours after the heavy-ion test. Additional tests in air, eliminating the heat sinking issues were performed to verify the cause of the event.
[17] 
C. Hittite HMC422 Double-Balanced Mixer Integrated Circuit
The Hittite HMC422 is a double-balanced mixer integrated circuit with integrated local oscillator (LO) amplifiers fabricated as a monolithic microwave integrated circuit in a gallium arsenide (GaAs) process. This mixer can operate as an upconverter or downconverter between 1.2 GHz and 2.5 GHz. With the integrated LO amplifier, the mixer requires an LO drive level of only 0 dBm, and requires only 30 mA from a single positive 3 V rail. The mixer has 8 dB of conversion loss, an input P1dB of +8 dBm and an input third order intercept point of +15 dBm at 2 GHz. The device was monitored for analog single-event transients (ASETs) on the IF output and for any destructive events induced by exposing it to a pulsed laser beam at the NRL laser test facility. The application being tested was used to downconvert a 1530 MHz CW signal to 30 MHz continuous wave (CW) by supplying inputs to RF and LO while monitoring IF with the oscilloscope.
The device was prepared for test by depotting the topside of the plastic package via acid etching and then mounting it onto a Hittite evaluation board (part number 104813) that uses a Rogers 4350 substrate and 50 Ω signal line impedance. A finished 1 inch by 1 inch square test board is shown in Fig. 7 . The tests were performed on two devices at the NRL using their single-photon absorption (SPA) setup. This system has been discussed in several refereed publications and will not be covered in detail [67] [68] [69] . The device lot date code was JX22. The DUT was packaged in a plastic MSOP-8 package with a copper alloy lead frame. The test setup consisted of laptop running LabVIEW for instrument control and data capture, a Tektronix DSA72004B digital storage oscilloscope (20 GHz, 50 GS/s), two HP 83712B synthesized CW generators, and an Agilent N6702A MPS mainframe 4-channel power supply. A separate function generator specific to the NRL test facility was used to synchronize the two GSFC function generators to the delivery of the laser pulse so that different points within the clock period could be sampled. The two function generators had their 10 MHz synchronization lines tied to the NRL function generator sync I/O. This allowed the laser pulse firing to be used as the trigger source for the oscilloscope enabling the laser pulse to move throughout all 2π of the CW input on RF and LO.
The laser was focused onto the HMC422 die and scanned across the surface to produce transients on the IF output. This was done for two different input (RF and LO) conditions: 1) biased operation with the RF and LO inputs terminated, and 2) biased operation with RF and LO inputs stimulated with 1530 MHz and 1500 MHz CW sine wave signals at 0 dBm. This was not an application specific test, but the input frequencies were relevant for the end users. The parameters varied were the RF and LO input conditions and the laser pulse energy. Transients were captured for all test conditions and are shown in Fig. 8 . The Hittite HMC422 tested here showed transients less than 0.05 V in amplitude for both DC and AC input conditions on RF and LO up to a laser pulse energy of 33 pJ. The transients widths, measured at 10% of the peak voltage, were approximately 1 ns. The DC input condition ASETs measured on IF appeared to be simply superimposed on the IF signal and caused no further distortion during AC input conditions. The amplitude and width remained unchanged as shown in Fig. 9 .
GaAs technologies generally suffer from large single-event cross sections due to large charge collection efficiencies and high carrier mobility. These tests seem to indicate that the response saturated quickly with increasing laser pulse energy. [57] 
D. MSK5978RH LDO Positive Adjustable Regulator
This study was undertaken to determine the ASET susceptibility of the M. S. Kennedy MSK5978RH low dropout (LDO), positive, 0.7 A, adjustable linear regulator. The device was monitored for transients on the voltage output while exposing it to a pulsed laser beam at the NRL laser test facility.
The sensitive structure within the MSK5978RH is the Linear Technology RH3080, which integrates a PNP pass transistor and the regulation control loop circuitry onto a single die; this makes this part fundamentally different from previous RH1573K/pass transistor combinations in other LDO regulator offerings from M.S. Kennedy and Linear Technology. A photograph of the die is shown in Fig. 10 . We tested the MSK5978RH at the NRL using a 590 nm wavelength laser pulse with a pulse width of approximately 1 ps. Both 100x and 10x objectives were used to focus the beam onto the surface of the die yielding spot sizes between 1.2 and 12 μm in diameter. The difference in spot size did not affect the transient behavior. The pulse energy was maintained at 4.6 pJ, which is sufficiently conservative for a worst-case analysis.
The laser spot was scanned across the controller circuitry and the ASETs were captured and recorded using a 500 MHz oscilloscope (Tektronix MSO4054B). The application conditions required that we test the LDO regulator under several input bias and output load conditions. Fig. 11 shows the characteristic amplitude and width for ASETs under two different conditions: 1) 16 V input, 15 V output, and 150 mA load; and, 2) 2.2 V input, 1.5 V output, and 180/500 mA loads. In addition to 0.1 and 1.0 μF ceramic surface-mount capacitors, the output was loaded with a 22 μF tantalum capacitor (Kemet T495D226K035ATE250) with an equivalent series resistance of approximately 0.25 Ω. As with other M. S. Kennedy LDO regulators, this one is sensitive to ASETs and may require filtering techniques to reduce the transient amplitude at the expense of increasing the transient width. The ASETs reported here are applicationspecific and are also a function of the radiation source used; a different setup and a heavy ion source would yield different ASET behavior. However, given its smaller size due to increased integration and lower heat dissipation, it may be an attractive option for certain applications. [31] 
E. MT29F4G08AAAWP Micron 4Gbit NAND
In an effort to determine which regions on the die cause the high currents observed when testing at the TAMU Cyclotron, we conducted tests using the NRL pulsed laser on the MT29F4G08AAAWP Micron 4Gbit NAND. We used single photon absorption, shining 590 nm (green) light on the front surface of the Micron 4G NAND flash memory. In Fig. 12 , we show the results of the pulsed laser test at NRL. Light spots indicate locations where high current, 80 mA or more, was observed. Dark spots indicate locations where SEFIs, without high current, were observed. There are 38 locations where high currents were triggered by the laser, including almost anywhere in the peripheral control logic. Note, however, that there are no high current events in the regions believed to be the charge pumps (white rectangles). This result is very difficult to reconcile with the conclusion in [70, 71] , that the high currents are coming from the charge pumps. [53, 54, 58] 
V. SUMMARY
We have presented current data from SEE testing on a variety of mainly commercial devices. It is the authors' recommendation that this data be used with caution. We also highly recommend that lot testing be performed on any suspect or commercial device.
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